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PLASTIC FLOW STUDIED BY NONEQUILIBRIUM
MOLECULAR DYNAMICS COMPUTER SIMULA TION

SIEGFRIED HESSandMARTIN KRÖGER

Institut für TheoretischePhysik,TechnischeUniversiẗatBerlin, Hardenbergstr. 36,D-10623Berlin, Germany

ABSTRACT

The embeddedatom methodis adaptedto study the
plastic flow behavior of a model metal. The elastic
propertiesof realmetalsarereproducedby asetof ba-
sic modelpotentialsasrevealedby analyticconsider-
ations.NonEquilibriumMolecularDynamicsNEMD
computersimulationsareperformedto studythe dy-
namicsandstructuralchangesof themodelmetalun-
dergoingshearandelongation.Thesimulationsoffer
insight into theplasticbehavior of themodelwhich is
used,e.g.,to interpretsolid friction betweenmetals.

KEYWORDS:PLASTIC FLOW, METAL, EMBEDDED ATOMS,

MOLECULAR DYNAMICS

INTRODUCTION

Whenmetal is subjectedto stress,it respondsby de-
forming. If only small stressesareapplied,then the
material returnsto its original shapewhen stressis
relived. In this regime, metalsare elastic, if how-
ever, the stressexceedsa threshold,then the metal
sufferspermanentplasticdeformation.Physicallyre-
alistic continuum models of dynamic plasticity are
necessarilycomplicated. The kinematicsof a three-
dimensionsioalcontinuum, the thermodynamicsof
materials,andthe physicsof microscopicdefectsen-
ter the descriptionof plastic phenomena. A prin-
cipal featureof plastic behavior is irrecoverablede-
formation. On a microscopiclevel, this behavior is
causdby defectsin the atomic formationof disloca-
tions.Plasticbehavior at thecontinuumlevel involves
phenomenaat differentlengthscales,e.g.,interaction
of dislocations,dislocation pile-up at grain bound-
aries,polycrystallinity, anisotropy. A generalthermo-
dynamictreatmentof phenomenologicalmodelshas
beengiven,e.g.,by GreenandNaghdi[1].
In this note we report aboutpreliminary resultsob-
tainedfor amodelmetalsubjectedto shear. Themodel
is completelydeterminedby a setof modelpotentials
for

�
particles,asdescribedin thenext section,andit

is solvedwithout approximationswith computational
effort of order

�
. The resultsreveal the influenceof

initial crystalorientationon transientflow behaviors,
theformationof shearbandsanddislocations,andthe
generalrate-dependenceof plasticflow in the strong
flow regime. A slightly extendedmodelhasbeenpre-
viously applied[2] to a processof solid friction be-
tweentwo metals.As proposedin [2], a profile unbi-
asedtemperaturecontrolmechanism[3] is usedhere.

THE EMBEDDEDATOMSMETHOD

In orderto studyplasticdeformationandflow of met-
alsweadaptedtheembeddedatommethodin thespirit
Holian et al. [5]. Themethodwasoriginatedby Daw
and Baskes [6], and resemblesthe fact that in met-
als the conductionelectronsare not localizedabout
thenuclei; theenergy dependsuponthelocal electron
density, resultingin forcesbetweenionsthataremany
body in character, rather than simply pairwiseaddi-
tive. Accordingly oneconsiderstwo contributionsto
the potentialenergy � of the whole systemmadeup
by

�
particles. Thereis a conventionalbinary inter-

action term througha two-body interactionpotential�
asfunctionof thedistancebetweeninteractionsites

and a term stemmingfrom an embeddingfunctional�
, which producesthe effect of the electronic‘glue’

betweenatoms

����� �	� �
� ��  ���
��
�

� �� ����  �����  ����� ��� �  �"!#%$ (1)

where
� � �&� �(' � representsa ‘binding energy’ per

particle.Thequantity
�

is a nonlinearfunctionof the
(local) embeddingdensity

� 
of atoms )*� � $,+-+.$ � .

It is constructedfrom the radial coordinatesof sur-
roundingparticlesandrequiresthechoiceof aweight-
ing function / ��0 �

:
�  � 1 � / ���  � �

�2/ ��3 ���
1 ����  / ���  � �

, where
�  �54 � 76 � �

is the relative po-
sition vectorbetweenparticle coordinates

� 
and

� �
.

Partsof
�

linearin
� 

canbecombinedwith theorig-
inal repulsivetwo-particlepotentialto aneffectivepo-
tential

�
usedherewhich hasalsoanattractivepart.

MODEL METAL

A simple choice for the model functions
� $ / and�

leads to our generic model metal, called EMB.
For the binary potential function

�
we set

��� 0 �
�8:9 0(;:<9>=@? �BA 6 0 � < 6DC �BA 6 0FE -G � �HA 6 0 �JILK

,
0NMOA

,
with anenergy scale

8:9
, a lengthscale

0 9
, andan in-

teractionrange
A
. The minimum of the potential is

locatedat thedistance
0 � 0PE -G � � �JQSR 0 9�T � + � � ? 0 9

as for a Lennard-Jonespotentialand the well depth
of thepotentialis:

6 ��� 0PE .G �
� 8U9 0 ;V<9 �HA 6 0FE -G � <

.
For reasonsdiscussedin [5,7] we useLucy’s weight
function / � 0 �

�W/ 9 � � � ? 0 ' A � � � 6 0 ' A � I
for

05MXA
normalizedto unity (via / 9

).



The particularsimple parabolicembeddingpotential
for EMB is�Y��� �

�[Z 9�8:9 0 R9]\ ��� 6 � 9 �"^ 6 � / 9 6 � 9 �J^F_`�
+,+F+�$

(2)
where

� 9
is the desiredembeddingnumberdensity

and Z 9
is the embeddingstrength; the dots denote

higherordertermsin
� � 6 �(9 �

which maybeconsid-
eredin orderto obtainmorethana qualitative agree-
mentbetweentheoryandexperimentswith respectto
the quantitieslisted in Tab. 1. Throughoutthis work
we investigatethe ‘basic’ modelmetal for which the
desireddensity

� 9 � 0(; I
9

equalsthe particlenumber
density a

4 � 'cb � 0 ; I
9

;
A � � + d 0 9

andthetemper-
ature egfihW� 3 + 3 � 8:9

arefixed.

REFERENCEQUANTITIES AND ELASTIC PROP-
ERTIESOF EMB

To comparewith experimentaldataonehasto estimate
referencevaluesfor dimensionlesssimulationquanti-
ties,which maybeexpressedin termsof reducedunits
for length

0,j kml � 0F9
, energy

� �cn j kml � 8 9 �oeqprh j kml
pressures j kml � 8 9F0(; I

9 � 0(; I
9 � �qn j�kml , or time t j kml �0,9u� v ' � �qn j�kml

� �wQ ^
. for which experimentalvaluesare

available. For Ag, e.g., one obtainsmodel parame-
ters

0 9 �xa ; �wQ Ij kml � � +@yqd Å,
8:9 �

C{z
+
C�| � 3 ; �"}

J andv � � 3 z
+ ~ g/mol.

metal a j kml h j kml s j�kml � � ���w�F�
Ag 59.4 34.3 28 101 38 2.99
Cu 85.5 40.6 48 156 59 3.19

EMB 72.5 40.0 40 260 95 2.56
Fe 85.2 49.8 59 232 94 2.32
Ni 92.0 51.8 65 239 101 2.39

Tab. 1. Referencevaluesfor asetof metals,including
themodelmetalEMB ( a*� �

, Z 9 � �
), togetherwith

reportedvaluesfor theelastic( � ) andshear( � )
moduli andtheelasticanisotropy. Thecoefficients �  �

denoteVoigt moduli [4]. a j kml
in nm

; I
, h j kml

in
1000K, s j kml

andelasticmoduli in GPa;�L�w�F�
4 � � <w< ' � � �w�

6
� � ^

�
.

NEMD OMPUTERSIMULATION: METHOD AND
RESULTS

The equations of motions were integrated by a
velocity-Verlet algorithm as in [5]. The parametersA $ h $ � 9

and the averageparticle density ax� � 'cb
were fixed by the model. The influenceof the em-
beddingfunctional

�
canbe estimatedby varying its

strengthZ 9
. A flow simulationintroducesfurther in-

dependentvariables,whichdescribethegeometryand
strengthof flow. Detailsof a NEMD simulationalgo-
rithm, the implementationof Lees-Edwardsboundary
conditionsandperiodic imagessee,e.g. [8]. In the
simulationsthestresstensoris obtainedfrom theten-
sorialvirial expression.

A. Shearflow

Figure1 shows a time seriesfor a subsystemof a cu-
bic cell with

� � d 3g3c3c3
particlesundergoing shear

at intermediaterate,c.f., Fig. 3-4 which reportabout
transientandstationaryrheologicalandstructuralbe-
haviors. Threetime seriesfor a smallersystemwith� � � 3 C

~ particlesare shown in Fig. 2. At low
ratesshearbandsare observed, at intermediaterates
fluid andcrystallinedomainscoexist andthe metalis
of coursepartiallymoltenat thethehighestratewhich
corresponds,for Ag, to arealrelativevelocityof about
100m/sbetweenatomiclayers.

Fig. 1. Particlepositionsat times t�� 3 +@y (top left),� $ � $Sy{$ � 3 $ � y�$Sy 3 $ � 3c3 $ � 3g3
(bottomright) for the

modelmetalEMB undergoingshearwith shearrate� � 3 + 3 �
.



� � 3 + 3c3g3 � � � 3 + 3c3 � � � 3 + 3 �

0� 50 100�
time�0

10

20

30

sh
ea

r 
vi

sc
os

ity

rate=0.01 fcc 110 N=2048
rate=0.01 fcc 111 N=2048
rate=0.01 fcc 111 N=60000

Fig. 3a.Transientshearviscosityvs time for EMB at
differentinitial conditionsandsystemssizes
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Fig. 3b. Shearviscosityvsshearratefor EMB

obtainedin thestationaryflow regime.

(left) Fig. 2. ThemodelmetalEMB undergoingshear
at constantrate � . A selectednumberof particlepo-
sitions (a layer with thickness3 within the shearing
plane)is shown in thesnapshots.Fromtop to bottom
thetime t ( � strain)is increasingin equidistantsteps.
Strainat bottomis � t�� � + y . For every column,the
shearrate � is givenin thefigure.

B. Uniaxial compression

Themodelmetalis uniaxially compressedat constant
elongationrate. We observe spontaneoussymmetry
breaking.Theoftenquoted‘theoreticalvalue’ for the
critical penetrationhardness��� shouldbe ���������
with the shearmodulus � and �������B� k�� � � ' � 3

.
Theexperimentallyobservedfactoris smaller, � km�L� �� 3 ; I 6 � 3 ; ^

. Our preliminaryresultis ��� � � T � ' y 3
being estimatedfrom the simulatednormal pressure�:�L� .

CONCLUSIONS

Theembeddedatommethodhasbeenadaptedto study
themechanicalbehavior of themodelmetalEMB. The
elasticpropertiesof real metalsare reproducedby a
setof basicmodelpotentials.NEMD computersimu-
lationsareperformedto studythedynamicsandstruc-
tural changesof the modelmetalundergoinga shear
anduniaxial compressionin orderto analyzethe for-
mationof transientstructuresandplasticyield. Longer
simulationrunsareneededto determinevaluesfor the
penetrationhardnesswith high precision.Variantsof
themodelmetalEMB shouldbecharacterized.
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